have revealed a strict physical limitation on S. typhi entry at MOIs of >40. Staining of infected monolayers to distinguish intracellular from extracellular bacteria revealed that all monolayer cells are susceptible to infection and that internalized bacteria are typically contained in one to three separate clusters per cell during the first 60 min. Scanning and transmission electron microscopic analyses of time course-infected monolayers showed that at early times postinfection, bacteria bind to shortened, coalesced microvilli in one to three focal aggregate structures per host cell surface. As reported previously for S. typhimurium, focal aggregates progress to conical membrane ruffles that appear to engulf one or a few centrally contained S. typhi cells by a macropinocytic process, which enhanced the entry of simultaneously added Escherichia coli HB101 about 30-fold. Additionally, kinetic studies showed that at an MOI of Ӎ400, maximal S. typhi entry is virtually completed within 30 to 35 min. Monolayers pretreated with S. typhi for 30 min to saturate the entry process were severely reduced in the ability to internalize subsequently added kanamycin-resistant strains of S. typhi or S. typhimurium, but E. coli HB101(pRI203) expressing the cloned Yersinia inv gene was not reduced in entry. In invasion inhibition assays, anti-␤1 integrin antibodies markedly reduced E. coli HB101(pRI203) invasion efficiency but did not reduce S. typhi entry. Collectively, these data provide direct physical and visual evidence which indicates that S. typhi organisms are internalized at a limited number (i.e., two to four) of sites on host cells. S. typhi and S. typhimurium likely share INT407 cell entry receptors which do not appear to be members of the ␤1 integrin superfamily.
Bacterial invasion of the host intracellular environment is an essential early step in the pathogenesis of invasive bacterial enteric diseases such as bacillary dysentery and typhoid fever (34, 38) . Studies conducted over the past 15 years have shown that microbe-directed entry into mammalian intestinal epithelial cells is the result of specific interactions of bacterial determinants (e.g., adherence factors and invasion ligands) with host cell surface receptors (5, 10, 11, 17, 18, 21, 24) . Apparently, effective invasion ligand-receptor interaction triggers a host cell signal transduction cascade that results in host cell membrane and cytoskeletal rearrangements leading to internalization of the adjacent pathogenic bacteria (5, 6, 10) .
Salmonella typhi, the human-specific, causative agent of typhoid fever, continues to be a major global health problem. The World Health Organization has recently estimated that there are more than 16.6 million typhoid cases per year worldwide, equaling an annual incidence of Ͼ0.5% of the population and causing nearly 600,000 deaths yearly (35) . S. typhi, an enterically acquired invasive pathogen, is thought to penetrate the ileal epithelium and be transported via underlying macrophages to the spleen, liver, and other target tissues during the normal disease course. Although antibiotic therapy can be used successfully to treat typhoid patients, natural clearance of the disease is thought to entail development of specific humoral and cellular immune responses. The precise mechanisms of S. typhi virulence and immune protection are not well understood, mainly due to the absence of a suitable animal model. Although limited studies of S. typhi virulence have been conducted (4, 42, 43) , more emphasis has recently been placed on studying S. typhimurium virulence for mice, a surrogate model of typhoid. This later approach has revealed a large number of virulence genes in S. typhimurium (2, 11, 13, 22, 36) , which were subsequently shown to exist in S. typhi (12) . Despite harboring many similar virulence functions, these two Salmonella serovars trigger distinctly different disease syndromes in humans, a reminder of the limitations of any one experimental approach. We have been using cultured human epithelial cell lines to study the invasion mechanisms of S. typhi (4, 33) . Biochemical inhibitor studies have revealed that S. typhi internalization is a microfilament-dependent process that is not affected by compounds which block endosome acidification or coated-pit formation but which requires bacterial nascent protein synthesis (33) . The current picture of S. typhi invasion of human epithelial cells is sketchy and based on only a few specific studies of S. typhi (4, 20, 30, 42, 43) and on comparative analyses of S. typhimurium versus S. typhi invasion of cultured cells (12, 28) .
This study was undertaken to analyze kinetically and microscopically the S. typhi invasion process, to gain information about receptor and entry sites, and to obtain a better physical understanding of S. typhi internalization. These new studies extend previous observations on the kinetics of Salmonella sp. entry into cultured epithelial cells (21) and suggest that a very limited number of S. typhi receptors and entry sites exist per cell. Moreover, the S. typhi entry sites on INT407 cells are apparently shared with those of the related serovar S. typhimurium but not with the Yersinia invasin-mediated uptake pathway.
MATERIALS AND METHODS
Bacteria, human cell lines, and culture conditions. Wild-type, virulent S. typhi Ty2 and Ty2W (a spontaneous Vi capsule-negative isogenic derivative) were obtained originally from the Walter Reed Army Institute of Research strain collection. Both strains were used in the cell culture invasion assay described below, but the Ty2W strain consistently showed higher (ϳ2-fold) invasion ability and was used in all studies reported herein. An isogenic, kanamycin-resistant (Km r ) S. typhi Ty2W containing Tn5 inserted in the srlC gene (Ty2W-154), constructed by Eric Elsinghorst (University of Kansas), was used in certain invasion competition assays.
Escherichia coli HB101 strains, a noninvasive E. coli K12/B genetic hybrid strain and an ampicillin-resistant (Amp r ) derivative of HB101 (from E. Elsinghorst), were used as negative experimental controls in invasion assays. E. coli HB101(pRI 203), provided by R. Isberg (Tufts University), contains the functional Yersinia invasin gene cloned into a plasmid which specifies both Amp r and chloramphenicol resistance (Cm r ) and was selected on LB medium containing these antibiotics. The highly mouse-virulent S. typhimurium strain 446, a C5 derivative containing Tn5 inserted into srlC, was provided by E. Elsinghorst.
Bacteria, typically maintained as frozen stock cultures at Ϫ80°C in L broth containing 10% dimethyl sulfoxide, were grown at 37°C in L broth (Gibco/BRL) containing NaCl (10 g/liter) or L broth containing kanamycin (50 g/ml; Sigma), ampicillin (50 g/ml; Sigma), or chloramphenicol (20 g/ml; Sigma) in tubes aerated slightly at 180 rpm to mid-log phase (optical density at 600 nm of Ӎ0.4 to 0.6) for invasion assays.
Because S. typhi normally invades the ileal epithelial mucosa in vivo and very efficiently invades cultured human embryonic intestinal 407 epithelial cells, INT407 cells were chosen as the in vitro model system. Realizing the experimental advantages and limitations of cultured host cell systems, we paid considerable attention to consistency of assay conditions, the use of invasion-positive and -negative controls, tissue culture viability and integrity assays, and exhaustive experimental repetition. INT407 cells (American Type Culture Collection, Rockville, Md.) were cultured in minimal essential medium (Gibco) with heat-inactivated 10% fetal calf serum (Gibco) and 2 mM L-glutamine (Gibco) under 5% CO 2 (Heraeus incubator type BB15) in 75-cm 2 tissue culture flasks maintained at 37°C. Monolayers were trypsinized, washed, and split 1:4 into fresh culture medium. Diluted cells reached confluency within 3 days, at which point they were used in invasion assays; these are young, confluent monolayers exhibiting surface microvilli.
Invasion assays. The invasion assay was performed as described previously (4, 33) except that the invasion period was reduced and the bacterial inoculum was not centrifuged to initiate contact with epithelial cells. Serial dilutions or centrifuged concentrates of freshly grown, log-phase bacteria suspended in 1ϫ phosphate-buffered saline (PBS; Gibco) were prepared for each assay to reach estimated ranges of multiplicities of infection (MOIs) from ϳ0.4 bacteria per epithelial cell (i.e., MOI of ϳ0.4) to an MOI of ϳ4,000. Bacteria in 25 l of PBS were added to confluent INT407 cell monolayers in 24-well tissue culture plates (Sarstedt, Inc.); each well, as assessed by representative hemocytometer counts of sample wells, contained ϳ6 ϫ 10 5 INT407 cells in 1 ml of medium. For most studies, the infected monolayers were incubated in 5% CO 2 at 37°C for 1 h to allow bacterial invasion to occur, washed twice for 1 min with 1 ml of minimal essential medium and then incubated for an additional hour in 1 ml of tissue culture medium containing gentamicin (100 g/ml) to kill the remaining extracellular bacteria. For indirect measurement of bacterial invasion ability, the infected monolayers were washed as described above and lysed with 1 ml of 0.1% Triton X-100 for 10 min. After serial dilution in PBS, released intracellular bacteria were quantitated by viable count after growth for 24 h on L agar or, when necessary, L agar containing appropriate antibiotics. Bacterial invasion ability, expressed as invasion efficiency, was calculated as (number of internalized bacteria at the end of the assay/starting inoculum) ϫ 100. All assays were conducted in duplicate and repeated independently at least three times. Results are expressed as the mean Ϯ standard error of the mean of the replicate experiments. In some cases, invasion levels were compared by the Student t test for statistically significant differences. Consistent monolayer integrity and viability were verified at the end of the invasion assay period by standard trypan blue staining and microscopic analysis. Limited monolayer detachment was observed at the highest MOI of 4,000, and corrections to account for detached cells were made to estimate the total number of internalized bacteria.
AO-CV staining. The assay was conducted basically as described previously (25) (26) (27) to visualize live versus dead, intracellular as well as extracellular bacteria. INT407 monolayers were grown on 1.2-cm-diameter, sterile glass coverslips (Fisher Scientific) placed in well bottoms of 24-well tissue culture plates and incubated under the conditions described above. Briefly, the coverslips containing monolayers were infected with S. typhi for different times. These time courseinfected monolayers on coverslips were stained with 0.01% acridine orange (AO) in Gey's solution (prepared according to the Gibco/BRL formula for slides) for 45 s, rinsed in 1ϫ Dulbecco's PBS (DPBS; Gibco/BRL), and counterstained with 0.5% crystal violet (CV) in 0.15% NaCl for 45 s before washing with 1ϫ DPBS. These preparations were wetted with tissue culture medium, mounted (with the monolayer side facing down) on glass microscope slides, and sealed with nail polish before viewing under a Zeiss Axioplan fluorescence microscope using halogen illumination and an Omega triple-band filter no. 0-5855 (Molecular Probes, Inc.). Under these conditions, viable intracellular bacteria stain bright green, nonviable intracellular bacteria stain red/orange, and extracellular bacteria counterstain deep violet/black. All bacteria internalized within a host cell could not typically be observed at any one focal plane. Thus, multiplanar focusing was used to view and enumerate all bacteria within the three-dimensional monolayer. Fluorescent bacteria in at least 30 separate cells in several different fields of view were assessed at each time point to determine the average number of intracellular bacteria per epithelial cell and the distribution of bacteria within the host cell. Internalized fluorescent bacteria were photographed with a microscope-mounted Zeiss MC100 camera using Kodak EPH p1600 film and an autoadjusted exposure control system.
Competitive inhibition of invasion. INT407 monolayers were first infected with S. typhi Ty2W at an MOI of 400, and then either competing Km r S. typhi Ty2W-154, E. coli HB101(pRI203), or S. typhimurium C5 srlC::Tn5 bacteria were added at the same MOI either at the same time as Ty2W was added or 20 and 30 min after the addition of Ty2W. Invasion of the competing strain was allowed for 30 additional min, followed by a 60-min gentamicin kill period before enumeration of internalized competing bacteria on appropriate antibiotic-containing LB agar. Control invasion assays with Km r Ty2W-154, HB101(pRI203), or the Km r S. typhimurium C5 srlC::Tn5 strain were carried out on previously uninfected INT407 cells. Monolayer integrity and viability were verified as noted above.
Anti-integrin inhibition assay. The procedure was similar to the standard invasion assay (17) except that 96-well plates were used. One of several antiintegrin monoclonal antibodies (MAbs) was added to 200 l of medium covering a monolayer of approximately 7 ϫ 10 4 INT407 cells in a well of a 96-well plate 60 min prior to initiation of the invasion assay. Then ϳ1.5 ϫ 10 6 bacteria (MOI of Ӎ20) were added to each treated monolayer. After a 1-h invasion period and a 1-h gentamicin treatment period, the intracellular bacteria were enumerated by viable count as described above. The anti-integrin ␣3␤1, ␣4␤1, and ␣5␤1 MAbs (DAKO Corp., Carpinteria, Calif.) were dialyzed twice against 1,000 ml of PBS (pH 7.4) overnight at 4°C to remove the azide preservative and were maintained at 4°C. Anti-integrin ␤1 and ␣5 MAbs (kindly supplied by Kenneth Yamada, National Institute for Dental Research, Bethesda, Md.) were also tested.
Electron microscopy (EM). For scanning EM (SEM), INT407 monolayers were grown on 1.2-cm-diameter glass coverslips in 24-well tissue culture plates. After various incubation periods with S. typhi Ty2W (MOI of 40 or 400), the infected monolayers (without a gentamicin kill period) were washed twice with DPBS and then fixed by adding 1 ml of 3% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) and incubating the mixture for 24 h at 4°C. The coverslips were removed and processed for SEM by standard procedures and examined in an ISI Super IIIA scanning EM operating at an acceleration voltage of 15 kV (27, 39) .
For transmission EM (TEM), monolayers were grown in six-well plates under the conditions described above for the invasion assays. The time course-infected monolayers were washed, fixed in 1 ml of 3% glutaraldehyde in sodium cacodylate buffer for 1 h at 4°C, harvested from the wells with a rubber scraper, and centrifuged in a microcentrifuge tube at 14,000 ϫ g for 5 min at room temperature, and the pellet was resuspended in fixative and processed for TEM (39) . The samples were evaluated with a Philips 400 HM TEM operating at an acceleration voltage of 80 kV as described by Oelschlaeger and Tall (31) .
RESULTS

Effect of MOI on invasion efficiency versus number of bacteria internalized.
To monitor the effect of available bacteria on uptake, the invasion efficiency of S. typhi Ty2W was assessed over a wide range of starting MOIs, from approximately Ӎ0.4 to Ӎ4,000 bacteria per INT407 cell, by using the gentamicin kill-indirect plate count method. The resulting invasion efficiency increased steadily from a starting MOI of Ӎ0.4 to Ӎ40, where it reached a maximum of 48.9% and decreased sharply and consistently thereafter (Fig. 1A) . The invasion efficiency was markedly lower at MOIs of Ӎ400 and Ӎ4,000 than at MOIs of 4 and 40. In contrast, the noninvasive control strain E. coli HB101 showed less than 0.001% invasion efficiency at all of the same MOIs (data not shown).
A strikingly different curve (Fig. 1B ) resulted upon monitoring the total number of bacteria internalized relative to various MOIs in a log-versus-log plot. The total number of intracellular bacteria recovered from each well of infected monolayer host cells increased notably from an MOI of Ӎ0.4 to Ӎ40 but reached statistical saturation at an MOI of Ն40. The low level of E. coli HB101 entry in concurrent assays was unchanged over the various MOIs (data not shown). Thus, the invasion efficiency decreased sharply above an MOI of 40, but the total number of CFU of internalized S. typhi remained relatively constant above this inoculum size, suggesting a stringent limitation on entry at MOIs of Ն40.
Interestingly, when the number of internalized bacteria resulting from varying the starting MOI is expressed as the number of internalized CFU averaged per epithelial cell (Fig. 1C) , a starting MOI of 40 resulted in a weighted average of Ӎ17 internalized bacteria per epithelial cell. This number increased slightly to peak at an average of Ӎ25 bacteria per epithelial cell at an MOI of Ӎ400.
Direct quantitation of S. typhi internalization by fluorescence microscopy. The gentamicin kill procedure has been used in conjunction with invasion assays to kill extracellular bacteria after the invasion period and before indirect bacteriologic viable count determination. Although the method is accepted by many, there is some question of whether the bacteriologic plate count represents an accurate reflection of internalized bacteria. The following analyses were initiated to obtain a direct visual assessment of internalized bacteria and to examine the number of host cells infected over time.
Representative INT407 monolayers were infected with S. typhi Ty2W and monitored for internalized bacteria at various times postinfection (Table 1 ) by using the following methods. One set of infected monolayers was treated with gentamicin for 1 h (gentamicin kill period) before viable count enumeration of internalized bacteria. Another set of time course-infected monolayers was examined directly by AO-CV staining and fluorescence microscopic analysis ( Table 1) . As assessed by the indirect plate count method, 1.2% of the inoculum at an MOI of Ӎ40 was internalized during the first 10 min, and this (A) Effect of varying the starting MOI on S. typhi Ty2W invasion efficiency. Invasion assays were conducted, as described in Materials and Methods, testing a range of starting bacterial concentrations (expressed as the MOI of added bacteria per epithelial cell) and utilizing a 1-h invasion period and a 1-h gentamicin kill period prior to plate count enumeration of internalized bacteria. Invasion efficiency was calculated as percentage of the inoculum internalized at the end of the assay. All assays were conducted in duplicate and repeated on separate days at least three times. Results are presented as the mean invasion efficiency Ϯ standard deviation. The invasion efficiency at an MOI of ϳ400 or ϳ4,000 was statistically lower than that at an MOI of ϳ40 (P Ͻ 0.01) or at an MOI of ϳ4 (P Ͻ 0.01). (B) Effect of varying the starting MOI on total S. typhi Ty2W internalized. Invasion assays were conducted as described above. Total number of internalized S. typhi bacteria resulting per assay well is expressed as CFU/well. All assays were conducted in duplicate and repeated on separate days at least three times. Results are presented as the mean number of CFU/well Ϯ the standard deviation. The number of CFU/well obtained at MOIs of ϳ40 to ϳ4,000 was significantly increased over the number of CFU internalized at lower starting MOIs (P Ͻ 0.01). (C) Effect of varying the MOI on the resulting number of internalized bacteria averaged per epithelial cell. Invasion assays were conducted as described above. The total number of S. typhi Ty2W bacteria internalized per assay well is expressed as an average number of bacteria internalized per epithelial cell (i.e., by dividing the total number of internalized bacteria by the 6 ϫ 10 5 epithelial cells in each well). All assays were conducted in duplicate and repeated on separate days at least three times. Results are presented as the mean of the average number of bacteria/epithelial cell Ϯ the standard deviation. The resulting averaged number of bacteria/epithelial cell at MOIs of ϳ40 to ϳ4,000 was significantly (P Ͻ 0.01) increased over the results obtained at lower starting MOIs. a INT407 monolayers were infected with S. typhi Ty2W at an MOI of ϳ40 for various times and then analyzed for internalized bacteria by one of two methods. For indirect plate count determination, the infected monolayers were washed, incubated for a further 1 h in fresh medium containing gentamicin (100 g/ml), and then lysed with Triton X-100 before viable count assay as described in Materials and Methods. Bacterial entry is expressed as invasion efficiency (IE) and the number of internalized bacteria averaged per INT407 cell. Alternatively, a second set of monolayers infected for various times were washed, stained, and directly observed by fluorescence microscopy. These stained monolayers were assessed for percentage of monolayer cells infected over time, the number of internalized bacteria averaged per infected cell, and the number of clusters (i.e., infection foci) of internalized bacteria. The numbers in parentheses represent the predicted average numbers of bacteria per cell which would be comparable to the data obtained by plate count assay. These determination were made by taking the actual number obtained by AO-CV assays, averaging the bacteria internalized over the entire monolayer (i.e., 2 bacteria per infected cell at 10 min, where 10% of the monolayer is infected would be equivalent to 0.2 bacteria/cell averaged over the entire monolayer), and multiplying by 2 to allow for estimated bacterial multiplication that occurred during the extra 1-h gentamicin kill period in the plate count assay. ND, not determined. invasion efficiency increased steadily to a level of ϳ55% at 60 min (Table 1) . Using the total number of bacteria internalized per assay well divided by 6 ϫ 10 5 monolayer cells per well, we calculated the number of internalized bacteria averaged per epithelial cell; however, 100% of the monolayer cells were infected only after 60 min. Table 1 . In the indirect plate count invasion method, the internalized bacteria had an extra hour to multiply during the gentamicin kill period and would have doubled during this time, according to control studies (data not shown). Thus, 7.7 bacteria per INT407 cell at 60 min enumerated by the direct AO-CV method (which did not contain a gentamicin kill period) was, as expected, about half of the 14.9 bacteria per cell obtained by indirect plate count. Additionally, limited invasion studies were conducted in duplicate, and infected monolayers were treated with a gentamicin kill period prior to enumeration by indirect plate count versus direct visualization methods, resulting in virtually identical results (data not shown). Thus, both methods of calculating internalized bacteria gave equivalent results at an MOI of Ӎ40. Similar time course studies carried out at an MOI of Ӎ400 showed that bacterial entry increased more quickly with time and that 100% of the monolayer was infected within ϳ30 min at this MOI (data not shown).
In addition, the AO-CV method revealed an unexpected observation in which the internalized bacteria existed in a limited number of clusters or foci of infection as exemplified in Fig. 2 (MOI of Ӎ400) and summarized in Table 1 (MOI of   Ӎ40 ). There were an average of 2 Ϯ 1 foci of infection (i.e., cluster of bacteria) per infected INT407 cell at 30 and 60 min postinfection at an MOI of Ӎ40. The only difference between early and late time points was a larger number of bacteria per infection focus at later times postinfection, probably due to intracellular bacterial replication (Table 1) . After infection at an MOI of Ӎ400, infection foci per cell still averaged between 2.0 and 2.5 at both early and later time points (data not shown). These data suggest that S. typhi entry is kinetically saturable and may occur at a limited number of possible entry points per INT407 cell, each of which results in an infection focus.
Analysis of S. typhi internalization by SEM and TEM. To obtain more detailed information about the events and structures associated with S. typhi entry, time course-infected monolayers infected with S. typhi at an MOI of Ӎ40 or Ӎ400 were examined by both SEM and TEM ( Fig. 3 and 4) . At time zero, SEM revealed typical, young confluent monolayer cells containing many apical microvilli (data not shown). By 10 min postinfection, bacterial cells could be seen attached to the INT407 cell surface as focal aggregates of one or, typically, two bacteria bound to shortened and coalesced microvilli (Fig. 3A) . These focal aggregates, commonly observed adjacent to the tight junction and seen under these conditions as white patches on the host cell surface, correlated well with the number of infection foci observed by AO-CV staining. A higher magnification of some focal aggregates showed early stages of membrane ruffling (i.e., splash) with bacteria bound to microvilli and also tethered by thinner structures of the size of bacterial flagella (Fig. 3B) . More INT407 cells contained bound bacteria at earlier time points at an MOI of Ӎ400 than at an MOI of Ӎ40, as expected. One striking feature of these monolayers was that infected INT407 cells typically had between one and three focal aggregates of bound bacteria per cell, regardless of the starting MOI. The next structures observed chronologically after the formation of focal aggregates of bound bacteria were conical or splash-like protrusions of the INT407 apical cell membrane, which appeared to engulf centrally contained bacteria ( Fig. 3A and B) as observed previously for S. typhimurium (7) . These membrane splash structures, which possessed a distinct rim and associated coalesced microvilli, were observed as early as 10 min in monolayers infected at an MOI of Ӎ400 (Fig.  3A) but took typically 20 min or more to appear in monolayers infected at an MOI of Ӎ40 (data not shown).
At later times, the infected INT407 cells showed the expanded presence of small and large membrane blebs or protrusions, as well as large apical areas denuded of microvilli ( Fig. 3C and D) . Monolayer cells exhibiting these major surface membrane alterations, observed within 60 min at an MOI of Ӎ40, were viable as assessed by trypan blue staining. Even though bacteria can be seen bound apically to these dramatically altered host cells, bacterial entry was essentially completed in 1 h at an MOI of 40.
TEM studies were conducted to obtain a cellular, crosssectional view of events occurring during S. typhi invasion of INT407 cells. At early times (10 to 30 min), surface-interacting S. typhi cells appear bound in early focal aggregate structures (Fig. 4A) , which after effective contacts trigger membrane engulfment of adjacent bacteria into an enclosed endosome (Fig.  4B) . Internalized salmonellae were bound by an endosomal membrane and did not appear to exist free in the cytoplasm, at least not during the first 2 h postinfection. Even at 10 or 30 min postinfection at an MOI of ϳ400, some endosomes contained multiple bacteria which may have been engulfed during a single entry event or could have resulted from vacuole fusion (Fig.  4C ). This micrograph (Fig. 4C ) is representative of several in which bacteria were observed to exist in clusters of separate endosomes, all close to the membrane site of active entry. It suggests that one to two bacteria may be engulfed per event and that several consecutive uptake events may take place at the same activated membrane site. At later times postinfection, most INT407 cells contained bacteria in two to three separate clusters as observed by direct visualization techniques, suggest- ing that the internalized bacteria do not coalesce into a single large endosome during the first 1 h but do so at later times as reported for other Salmonella serovars (8a). Finally, at 2 h postinfection at an MOI of ϳ40 or ϳ400, the infected monolayer cells contained clusters of bacteria and numerous empty vacuoles, possibly indicative of early stages of cell necrosis (Fig. 4D) . Note that the cluster of internalized bacteria in Fig.  4D is associated with filamentous material as described previously for other Salmonella serovars (7). Does S. typhi trigger macropinocytosis? To ascertain if the broad membrane ruffling or associated signal transduction events of INT407 cells induced by S. typhi and observed by both SEM and TEM somehow triggered the uptake of adjacent, noninvasive bacteria, the following study was conducted. A standard 1-h invasion assay was initiated by simultaneously adding S. typhi Ty2W (MOI of Ӎ40) and the noninvasive E. coli HB101 Amp r (MOI of Ӎ40), which was followed by a 1-h gentamicin kill period before viable count determination. The typical, very low invasion efficiency of E. coli HB101 (Յ0.001% when HB101 is used alone) was enhanced ϳ30-fold during this coinfection study. In an additional study, INT407 monolayers were coinfected at equal MOIs of Ӎ40 with S. typhi Ty2W and E. coli HB101(pRI203). The HB101(pRI203) invasion level was enhanced ϳ4-fold over the normal invasion level of HB101(pRI203) alone (data not shown).
Competitive inhibition studies of S. typhi invasion. Time course analyses of S. typhi internalization into INT407 cells revealed that bacterial entry was essentially completed within 1 h at a starting MOI of Ӎ40 and within 30 to 35 min at an MOI of Ӎ400. We wondered if preinfected monolayer cells might be exhausted for further invasion by S. typhi or, perhaps, by other invasive bacteria. A time course, invasion competition study was conducted to examine the development of monolayer invasion exhaustion versus time. In this study, INT407 monolayers were first infected with S. typhi Ty2W at an MOI of ϳ400. Without any other manipulations, the competing Km r Ty2W-154 strain (at an MOI of ϳ400) was added to these monolayers either at time zero or after previous infection with Ty2W for 20 or 30 min. E. coli HB101(pRI203), which carries the cloned functional Yersinia inv locus, and Km r S. typhimurium C5 srlC::Tn5 were also added to preinfected monolayers as described above at 0, 20, and 30 min after infection with Ty2W. Coinfection was allowed to continue for 30 min and was followed by a gentamicin kill period before enumeration of internalized Cm r or Km r bacteria. The number of Km r Ty2W bacteria internalized per well when added at time zero was about one-half of the typical invasion level of Ty2W-154 Km r by itself (Fig. 5A) , demonstrating that Ty2W and Ty2W Km r compete equally well for entry when added together at similar MOIs. However, prior infection with the parental Ty2W increasingly reduced the invasion ability of the competing Km r Ty2W. Monolayers infected for 30 min with Ty2W and then infected with the isogenic Km r Ty2W showed a 2-log reduction in the Km r strain's ability to enter INT407 cells. A longer pretreatment time of 60 min reduced the competing Ty2W Km r strain entry by 3 logs (data not shown). The normal level of S. typhimurium C5 invasion was similarly and dramatically lowered by pretreatment of the INT407 monolayer with S. typhi (Fig. 5A) . In contrast, preinfection with S. typhi did not cause any reduction in typical entry of E. coli (pRI203); entry of this recombinant strain was actually enhanced ϳ2-to 9-fold. Thus, preinfection of INT407 cells over time with S. typhi reduced the ability of these cells to further internalize S. typhi or S. typhimurium but did not limit Yersinia invasin-mediated entry.
To test whether pretreatment at a lower MOI would cause reduced invasion exhaustion and to examine saturation of invasion ability, monolayers were pretreated with Ty2W at an MOI of Ӎ10 for 1 h and washed before being (i) counterinfected with Km r Ty2W at an MOI of Ӎ10 for 1 h or (ii) grown in fresh medium containing gentamicin for 4 h and then counterinfected. This 1-h pretreatment condition reduced Km r Ty2W entry by 60%. Half of this inhibition was overcome by FIG. 5 . Time course competitive inhibition of S. typhi invasion. (A) INT407 monolayers in 24-well tissue culture plates were first infected with S. typhi Ty2W at an MOI of ϳ400. Without washing the infected monolayer, a competing Km r Ty2W strain was added (also at an MOI Ӎ400) at time zero or after previous infection with Ty2W for 20 or 30 min. Competing strains S. typhimurium C5 srlC::Tn5 and HB101(pRI203) were added separately at 0, 20, and 30 min, and the assay was conducted as described in Materials and Methods. Internalized bacteria are shown as total CFUs per assay well versus time of addition to the monolayer. This experiment was repeated three times and the data are expressed as mean CFU Ϯ standard error of the mean. ‫,ء‬ the response bar is off the scale of the graph. The relative invasion efficiencies of E. coli HB101(pRI203) were determined as 890% on average at 0 min and 380% on average after 20 min of pretreatment with S. typhi Ty2W. (B) Effect of anti-␤1 integrin MAb on invasion of INT407 cells by S. typhi or E. coli expressing Yersinia invasin. Young confluent INT407 monolayers were prepared as described in Materials and Methods for standard 1-h invasion assays followed by a 1-h gentamicin kill period prior to plate count enumeration. However, untreated monolayers were compared to monolayers pretreated for 1 h with various concentrations of anti-␤1 integrin mouse MAb for the ability to internalize either S. typhi Ty2W or E. coli(pRI203). In the absence of antibody pretreatment, S. typhi Ty2W invaded at ϳ50% invasion efficiency while the invasin-expressing E. coli invaded at ϳ2% invasion efficiency, both of which were considered 100% relative invasion efficiencies. Effect on invasion ability is expressed as percent relative invasion efficiency, which equals (invasion efficiency after pretreatment with antibody/invasion efficiency without pretreatment) ϫ100.
the 4-h growth period prior to counterinfection (data not shown).
Effect of anti-integrin antibodies on S. typhi invasion ability. Previous studies (31) have shown that S. typhi invasion of epithelial cells, like uptake of Yersinia, Shigella, and Listeria, is dependent upon microfilaments. Structurally, microfilaments are connected with the eukaryotic cell surface via the membrane-spanning integrins (3). Furthermore, members of the ␤1 integrin superfamily have been shown to serve as receptors for the Yersinia invasin ligand (18) . The following studies were performed to ascertain if any of several anti-integrin antibodies could block S. typhi invasion compared to E. coli HB101 (pRI203) internalization. Figure 5B summarizes the results of a representative assay. Without anti-integrin antibody, S. typhi and HB101(pRI203) were internalized with the expected invasion efficiencies of ϳ50 and ϳ2%, respectively. As expected, invasin-mediated uptake of HB101(pRI203) was inhibited by antibodies in a concentration-dependent fashion, showing Ͼ80% inhibition at anti-␤1 integrin antibody concentrations of 33 and 66 g/ml. However, S. typhi entry into INT407 cells was not inhibited, even when 66 g of anti-␤1 integrin antibody per ml was added. Similarly, mouse anti-␣3␤1, -␣4␤1, -␣5␤1, and -␣5 MAbs were all found to inhibit Yersinia invasin-mediated entry but not S. typhi invasion (data not shown).
DISCUSSION
Investigations over the past 15 years stimulated largely by advances in cellular and molecular biology have refocused on the pathogenic ability to invade host epithelial cells of many diverse bacterial genera ranging from the well-studied enterobacteria to Neisseria (23), Porphyromonas (21a), and beyond (27, 33) . However, the depth of understanding of different bacterial invasion systems varies dramatically and is based primarily on studies of just a few specific pathogens (e.g., Yersinia enterocolitica, S. typhimurium, Shigella flexneri, and Listeria monocytogenes [11, 18, 24, 34] ). Despite the tremendous worldwide public health significance of human typhoid fever, the limited understanding of S. typhi invasive ability was the impetus for these current physical studies.
Most cell culture studies of bacterial invasion have used starting bacterial MOIs of 10 to 100 (6, 14, 29) . However, few studies have involved a kinetic analysis of an invasion system for the purpose of determining optimal MOIs, which might reveal unexpected features affecting bacterial invasion. Under our assay conditions, we discovered that bacterial concentrations were limiting for maximal S. typhi invasion efficiency at MOIs of Ͻ40 and became optimum at an MOI of Ӎ40. However, at MOIs of Ͼ40, where the bacterial numbers were not limiting, the invasion efficiency declined sharply. These data suggest a stringent limitation in host cell entry (e.g., limited entry sites or some other physical interference) at the higher MOIs tested here. Total numbers of S. typhi Ty2W bacteria internalized within 1 h leveled off at MOIs of Ն40, indicating that the host cell invasion machinery may be saturated at these bacterial numbers. For example, the addition of 4,000 Ty2W bacteria per host cell did not allow greater entry than an MOI of 40. Because all monolayer cells were shown by fluorescence microscopy to be infected after 60 min at MOIs of Ն40, we can state unambiguously that the number of internalized S. typhi bacteria averaged per epithelial cell reached a peak of 25 at an MOI of Ӎ400. The kinetics of invasion can vary significantly between different bacteria, under different assay conditions, and in different cell lines. For example, a previous study of enterohemorrhagic E. coli entry into T24 bladder epithelial cells showed a continual increase in internalized bacteria when the starting MOIs were increased from 2 to 2,000 and the number of internalized bacteria never reached a plateau (32) . In contrast, Kusters et al. (21) found that maximal invasion by S. typhimurium occurred at an MOI of 100 after 60 min and resulted in two bacteria internalized per host cell. Such kinetic data allow a choice of optimal assay conditions to examine the invasion mechanism. The minimal S. typhi inocula needed to achieve maximal invasion efficiency (MOI of Ӎ40) and maximal number of internalized bacteria (MOI of Ӎ400) were used in further studies to analyze the Ty2W invasion process.
The relatively high invasion level observed for S. typhi Ty2W (ϳ55% efficiency in a 1-h invasion assay) was obtained by growing the inoculum aerobically to mid-log phase in L broth containing 0.17 M NaCl, as reported by Tartera and Metcalf (40) . This invasion level into INT407 cells was considerably higher than that reported by Mills and Finlay (28) for Ty2 grown under their optimal O 2 -limiting conditions. The discrepancy in results, albeit important, may reflect strain differences, as Ty2W is a Vi capsule-negative Ty2 mutant which has previously been serially passaged through cell culture monolayers to select optimal invaders.
Previous studies have shown that Salmonella spp. bind to the apical surface of epithelial cells and trigger cytoskeletal rearrangements, resulting in bacterial uptake by a macropinocytic mechanism (1, 9, 14 (15) , the approximate longitudinal area of the rod would be ϳ3.5 m 2 . We estimate that at least 50 flagellated bacterial cells placed longitudinally (or many more because bacteria bind at the tip of the rod) could potentially interact with the apical host cell surface at one time. Because SEM studies did not show monolayer cells accumulating large numbers of surfacebound bacteria, it is unlikely that the host cell apical surface area is limiting for bacterial interaction at MOIs of 40 to 4,000. Thus, the observed limitation on S. typhi Ty2W entry into INT407 cells at MOIs of Ͼ40 is not due simply to insufficient host cell surface area and may be due to a limited number of receptors or potential entry sites per host cell or perhaps some other effect on the host cell at higher MOIs.
Direct visualization studies quantitatively demonstrate the accuracy of the indirect, gentamicin kill viable count assay of bacterial invasion. Furthermore, these time course determinations of S. typhi invasion show that bacterial entry can be detected easily at 10 min postinfection. With time, the number of bacteria internalized increases until all monolayer cells are infected after 60 min at an MOI of 40. S. typhi entry was observed to occur more quickly over time at an MOI of Ӎ400, and all monolayer cells were infected within 30 to 35 min. Quite unexpectedly, direct visualization of the internalized bacteria over time revealed that they exist in two to three separate clusters per infected INT407 cell. At all time points postinfection at an MOI of ϳ400, the number of infection foci per cell still averaged 2 to 2.5 and the foci typically contained multiple bacteria per cluster. In addition, TEM studies indicated that one to two bacteria are typically engulfed per uptake event but that several consecutive uptake events may occur at the same activated membrane site (Fig. 4C) . These data suggest that there are a limited number of potential S. typhi entry points (i.e., ϳ2 to 4) per INT407 cell, each of which results in an infection focus of one to several bacteria, depending on the MOI. It is possible that there are infinite entry coordinates per cell but once specific factors are used up or activated at a few entry points, additional entry cannot take place elsewhere on that host cell.
EM studies allowed the examination of surface interactions and membrane structural alterations that occur over time during S. typhi internalization. As early as 10 to 20 min postinfection, one to three bacteria could be observed bound at the host cell surface to shortened microvilli in focal aggregates. Amplification of some focal aggregates showed one or several bacteria apparently bound to microvilli and tethered via other thinner appendages of undefined origin. Induced curly, hairlike structures observed previously (14) on S. typhimurium in contact with epithelial cells were not observed here. One striking feature of these S. typhi-infected monolayers was the occurrence of one to three focal aggregates of bound bacteria per cell regardless of the starting MOI, suggesting that a limited number of possible entry sites exist per cell. In contrast to the report of Yokoyama et al. (43) , S. typhi did cause an alteration of host cell microvilli during bacterial entry as observed by EM. Infected host cells showed increased denuding (shortening and loss presumably due to F-actin depolymerization) of microvilli over time. Splash-like protrusions (or conical ruffles) of the INT407 apical membrane (observed by both SEM and TEM), likely due to F-actin rearrangement as previously reported (28) , were triggered by some focal aggregates, and these events appeared to correlate with engulfment of centrally contained bacteria. The frequent finding of focal aggregates and macropinocytic structures adjacent to the tight junctions suggests that cognate receptors may be localized adjacent to the tight junction or migrating from the tight junction. Other small and large host cell membrane blebs or protrusions as well as surface bound bacteria could be seen in areas denuded of microvilli and were observed well after 1 h postinfection at an MOI of Ӎ400. Because our kinetic studies demonstrated that further S. typhi entry is essentially exhausted after this period, we speculate that these continuing membrane protrusions are not associated specifically with ongoing bacterial invasion but may be triggered by continued overstimulation of host cell signal transduction pathways and may result in the fluid filled macropinosomes seen at 60 to 120 min postinfection. Alternatively, the numerous vacuoles observed after 1 h postinfection may reflect events in host cell necrosis (29) . These EM findings extend previous fluorescence microscopic observations (28) and limited EM analyses (4, 42, 43) of S. typhi invasion and show that the S. typhi entry process is very similar in appearance to the S. typhimurium invasion mechanism described previously (7, 8, 14, 37) .
Kinetic analyses revealed a physical limitation on S. typhi internalization into INT407 cells which direct visualization and EM studies suggest could be the result of limited entry sites or receptors per cell. Alternatively, some other time-dependent change(s) (e.g., activated signaling pathways) in the host cell postinvasion may limit further bacterial uptake. Accordingly, prior invasion of a monolayer with Ty2W should deplete the host cells of entry sites and receptors over time. In fact, the Km r Ty2W was competitively inhibited by 2 to 3 logs in normal entry efficiency after monolayer preinfection with Ty2W.
Although the host cell membrane shows major structural alterations by SEM after 30 to 45 min of preinfection with Ty2W, these alterations did not reduce host cell viability or inhibit the microfilament-dependent, Yersinia invasin-mediated entry pathway. In contrast, S. typhimurium was competitively inhibited by Ty2W, indicating that these two serovars may recognize the same major receptors in INT407 cells. This finding agrees with current evidence indicating that Salmonella serovars, including S. typhi, utilize a type III secretion system and an associated set of invasion proteins encoded in a 40-kb pathogenicity island to trigger invasion into the gut epithelium (11, 16) . Despite these similarities, there are also preliminary indications of potential differences between S. typhi and S. typhimurium invasion processes. Elsinghorst et al. (4) described an S. typhi invasion gene region, now known to be physically separate from the well-studied Sip invasion system of several Salmonella serovars (16) , and recent studies have shown that S. typhi, but not S. typhimurium, can utilize the cystic fibrosis transmembrane conductance regulator protein as a host invasion receptor (44) . These observations open the possibility of multiple invasion pathways in Salmonella and multiple host invasion receptors.
Shigella flexneri and Y. enterocolitica share with Salmonella spp. many analogous genes involved in invasion and protein secretion (reviewed in reference 10). Since all of these genera trigger microfilament-dependent entry into host cells and members of the ␤1 integrin superfamily have been implicated as invasion receptors for both Y. enterocolitica (17) and Shigella flexneri (41) , integrin involvement in S. typhi entry was examined. Monolayer pretreatments with various antibodies to ␤1 and certain specific heterodimers of ␤1 were found to inhibit Yersinia invasin-mediated entry but not S. typhi entry, providing limited evidence that integrins of the ␤1 superfamily are not involved as major Salmonella typhi invasion receptors in INT407 cells.
In conclusion, these kinetic and physical analyses of S. typhi invasion have revealed a strict and specific limitation on S. typhi entry into INT407 intestinal epithelial cells, which may be based on limited entry sites or receptors at the host cell membrane. Appreciation of this physical limitation will be vital to ongoing studies of the internalization process and the cognate epithelial receptors and S. typhi invasion ligands. A better understanding of the details of S. typhi invasion will augment our knowledge of its pathogenesis and hopefully will lead to new therapeutic and vaccine approaches.
